According to Freeman (Development, 124 (1997) 261), reiterative use of Spitz signals emanating from already differentiated ommatidial cells triggers the differentiation of around ten different types of cells. Here we show evidence that the choice of cell fate by newly recruited ommatidial cells strictly depends on their developmental potential. Using forced expression of a constitutively active form of Ras1, three developmental potentials (rough, seven-up, and prospero expression) were visualized as relatively narrow bands corresponding to regions where rough-, seven-up-or prospero-expressing ommatidial cells would normally form. Ras1-dependent expression of ommatidial marker genes was regulated by a combinatorial expression of eye prepattern genes such as lozenge, dachshund, eyes absent, and cubitus interruptus, indicating that developmental potential formation is governed by region-specific prepattern gene expression. q
Introduction
The nervous system consists of many different types of cells, a diversity that accounts for its great overall complexity. Thus, an important subject in neurodevelopmental biology would be to clarify the manner in which developing nervous systems acquire large cell-type diversity.
The Drosophila compound eye may serve as an excellent model system for this purpose. This eye is a repetitive array of unit eyes called ommatidia, each consisting of ,20 cells, including eight photoreceptors and more than ten accessory cells (Wolff and Ready, 1993; Freeman, 1997) . Photoreceptors are subdivided into R8, R7, and pairs of R2/R5, R3/R4, and R1/R6. Accessory cells include lens secreting cone cells, three types of pigment cells, and bristle group cells. Ommatidial differentiation starts at the beginning of the third instar, when the morphogenetic furrow begins sweeping anteriorly from the posterior edge of the eye imaginal disc (Wolff and Ready, 1993; Freeman, 1997) . Each ommatidium begins differentiating in the furrow, and hence, posterior ommatidium differentiation starts earlier than that of those situated anteriorly, and consequently an anterior-posterior gradient of developmental maturity is formed (Wolff and Ready, 1993; Freeman, 1997) . Posterior to the morphogenetic furrow, each ommatidium develops gradually by recruiting uncommitted cells from the surrounding progenitor pool. The order of ommatidial development is precisely fixed (Wolff and Ready, 1993; Freeman, 1997) : eight photoreceptors differentiate first, followed by four cone cells. Pigment cells and bristle cells appear later in the pupal stage. The stereotyped order of photoreceptor development is as follows: R8, R2/R5, R3/R4, R1/R6, and R7.
More than 20 years ago, ommatidial cells were shown to develop in a lineage-independent manner (Ready et al., 1976; Lawrence and Green, 1979) , possibly suggesting that progenitors are equipotential with ultimate fate determined through cellular interactions. Based on this and other findings, Tomlinson and Ready (1987) proposed a 'combinatorial induction' model in which the future fate of undifferentiated cells is determined by contact with already differentiated ommatidial cells. Such contact may give rise to instructive signals. It was considered that studies on the function of the sevenless (sev) gene would provide strong support for this model (Rubin, 1989) . sev encodes a receptor tyrosine kinase and is expressed in some ommatidial cells including pre-R7 cells (Dickson and Hafen, 1993; Simon, 1994; Zipursky and Rubin, 1994) . In sev mutants, pre-R7 cells cannot differentiate properly and assume a cone cell fate (Dickson and Hafen, 1993; Simon, 1994; Zipursky and Rubin, 1994) . A ligand for SEV was identified as Bride of Sevenless (BOSS), whose expression is restricted to the surface of R8, an immediate neighbor of R7 (Dickson and Hafen, 1993; Simon, 1994; Zipursky and Rubin, 1994) . SEV receptor protein present only on the surface of pre-R7 cells has been shown to be capable of binding to BOSS and transducing BOSS signals required for assumption of R7 fate, to pre-R7 cells (Dickson and Hafen, 1993; Simon, 1994; Zipursky and Rubin, 1994) . Although this BOSS/ SEV matter would appear to confirm the validity of the combinatorial induction model at first glance, some contradictions are immediately apparent. For instance, the Ras1 pathway situated downstream of SEV is not specific to R7 development and functions to control the fates of all other ommatidial cells (Simon et al., 1991) . Furthermore, although many cell-type specific factors have been identified by repeated search, no cell-type specific ligands or receptors other than BOSS and SEV have been found (Kumar and Moses, 1997; Brennan and Moses, 2000) .
DER is a Drosophila homologue of the vertebrate EGF receptor that serves as an upstream signal transducer for the Ras1 pathway and Spitz (SPI) is its ligand (Freeman, 1997) . In 1996, Freeman showed that DER signaling is capable of triggering the differentiation of all kinds of ommatidial cells though not bristle group cells (Freeman, 1996) . The combinatorial induction model thus appears invalid. Freeman thus proposed a new model for eye development in 1997 (Freeman, 1997) , in which reiterative use of SPI signals triggers the differentiation of all ommatidial cell types. That is, successive DER or Ras1 activation first recruits photoreceptors in stereotyped order, followed by cone and then pigment cells.
What then determines cell-type diversity? Freeman, based on theoretical considerations, suggested the importance of the timing of DER or Ras1 activation, or positions of recruited progenitors relative to the morphogenetic furrow (Freeman, 1997) . The possible presence of a 'prepattern' in eye development was first pointed out by Dickson et al. (1992) when the combinatorial induction model was held in acceptance. They showed that ubiquitous SEV activation triggers ectopic R7 formation in a narrow band, corresponding to the region of normal R7 and cone cell formation. Undetermined eye-disc cells situated posteriorly from the morphogenetic furrow would thus not necessarily be equipotential to each other but each would have its own particular 'developmental potential' which is determined by distance from the morphogenetic furrow and is in charge of ommatidial cell fate determination upon Ras1 activation.
Some transcription factors expressed in a region-specific manner may be important for prepatterning. For example, bristle formation in the notum is controlled by the combinatorial expression of region-specific transcription factors called prepattern genes (Gomez-Skarmeta et al., 1995 Sato et al., 1999) and similar mechanisms may also work in other systems (Flores et al., 2000; Halfon et al., 2000; Xu et al., 2000) . In the eye, lozenge (lz, Daga et al., 1996) , dachshund (dac, Mardon et al., 1994) , eyes absent (eya, Bonini et al., 1993) , and cubitus interruptus (ci, Orenic et al., 1990) , all expressed in uncommitted cells in the eye developmental field, may meet this criterion (see Fig. 5 ).
Here, we examined the molecular basis for developmental potential. We found that developmental potential can be visualized through ommatidial marker gene misexpression subsequent to the forced Ras1 activation. Developmental potential was also shown to be regulated through the combinatorial expression of putative eye prepattern genes such as lz, dac, eya, and ci.
Results

Induced arrest of morphogenetic furrow progression by Ras1 activation
If undetermined eye-disc cells possess developmental potential that varies depending on distance from the morphogenetic furrow and ommatidial cell recruitment is triggered solely by SPI/DER or Ras1 signaling as considered by Freeman (1997) , then ommatidial-cell specific marker genes are expected to be expressed zonally in many eye-disc cells, not committed as ommatidial cells, subsequent to ubiquitous Ras1 activation. The possibility was examined by transient forced expression of a constitutively active form of Ras1 (HS-Ras1 val12 , Sawamoto et al., 1998) . Otherwise specified, Ras1 activation was carried out by a single cycle of 30 min heat-shock at 368C and heatshocked larvae were cured at 258C for 8 h before dissection. As shown below, this treatment resulted in ectopic expression of marker genes. Longer curing time slightly enhanced marker gene misexpression (data not shown), while only low levels of marker gene misexpression were observed at 5 h (Fig. 1F ) or heat-shocked at 348C (data not shown). Eyediscs subjected to 378C heat-shock were considerably deformed. Adult phenotypes of heat-shocked flies could not be examined owing to failure of normal development.
Prior to examination of marker gene expression, the effects of Ras1 activation on furrow movement were studied since ubiquitous Ras1 activation may arrest furrow progression (Spencer et al., 1998) . atonal (ato) is an eye-proneural gene encoding a basic helix-loop-helix protein (Jarman et al., 1994) . ATO is expressed initially in a dorso-ventral stripe of undifferentiated cells abutting the anterior margin of the morphogenetic furrow, in which the ATO stripe gradually resolves into regularly spaced clusters (proneural clusters), each of which is restricted to a single R8 precursor cell, expressing ATO for a few rows behind the morphogenetic furrow Spencer et al., 1998; Fig. 1A) . As shown in Fig. 1 , striped ATO expression disappeared almost completely and most early spaced clusters of ATO-positive cells were lost within 2 h after heat-induction of activated Ras1 (HS-Ras1 val12 ) as in the case of eyediscs subjected to forced expression of BarH1 (HS-BarH1, Kojima et al., 1991) , known to be associated with the furrow-stop phenotype. Possible arrest in morphogentic furrow progression can also be detected by morphological changes of furrow-region cells visualized with apical expression of Shotgun (SHG)/DE-cadherin (Takahashi et al., 1996) . Apical constriction, characteristic of the morphogenetic furrow, disappeared and instead, considerably loosened structures could be seen in both heat-shocked HS-BarH1 and HS-Ras1 val12 eye-discs cured for 2-8 h (Fig. 1) . Morphogenetic furrow progression arrest may thus occur subsequent to Ras1 activation as noted for BarH1 activation .
ATO expression in R8 is required for its differentiation . Thus, that both heat-shocked HSBarH1 and HS-Ras1 val12 eye-discs followed by 8 h curing still possess a row including ATO-expressing R8 just posterior to the morphogenetic furrow (Fig. 1D ,G) may suggest that ommatidial differentiation persists in BarH1 or Ras1-activated eye-discs at a rate of about two rows/8 h.
Visualization of developmental potential of undetermined eye-disc cells through Ras1-dependent misexpression of ommatidial marker genes
Comparison was made of the expression of three ommatidial marker genes, seven-up (svp, Mlodzik et al., 1990) , prospero (pros, Kauffmann et al., 1996) , and rough (ro, Tomlinson et al., 1988) in heat-shocked HS-Ras1 val12 eyediscs with those in wild type and heat-shocked HS-BarH1 eye-discs.
svp expression potential
Normal svp expression becomes detectable in rows 4 and 6 posterior to the morphogenetic furrow in R3/R4 and R1/ R6 precursors, respectively (Mlodzik et al., 1990; Fig. 2B,J) . The absence of svp results in transformation of svppositive photoreceptors into R7-like neurons (Mlodzik et al., 1990). In heat-shocked HS-BarH1 eye-discs, svp expression was similar to that of wild type except for two-row anterior shift (Fig. 2H) , an observation confirming that ommatidial differentiation occurs normally for the most part except for an anterior shift in heat-shocked HS-BarH1 eye-discs. In contrast to HS-BarH1 eye-discs, in heat- Fig. 2 shocked HS-Ras1 val12 eye-discs, svp expression was seen in numerous cells anterior and posterior to the morphogenetic furrow ( Fig. 2E ), suggesting that activated Ras1 is capable not only of shifting svp expression anteriorly but also inducing svp misexpression in many uncommitted cells. Posterior svp misexpression was evident in cells corresponding to the interval between row 2 and row 6, while svp expression was virtually normal in putative R3/4 and R1/6 cells situated in row 7 and more posteriorly.
pros expression potential
The expression of pros is normally initiated in cells about eight rows posterior to the morphogenetic furrow (Fig. 2C ). Normal pros expression is first observed in R7 and then in four cone cells Fig. 2C,J) . pros is required for normal R7 development, especially on a sina mutant background . As with svp, pros expression in heat-shocked HS-BarH1 was noted to shift anteriorly by two rows but no other change in expression pattern was apparent (Fig. 2I ). Subsequent to Ras1 activation, strong pros misexpression occurred in cells in rows 4-9 ( Fig. 2F ), indicating that, in contrast to BarH1 activation, Ras1 activation is capable of inducing pros misexpression in many uncommitted cells situated between row 4 and row 9 (Fig. 2K) .
The misexpression of svp and pros in heat-shocked HSRas1 val12 eye-discs apparently occurs in a partially overlapping manner. To clarify the relation between svp and pros expression, Ras1-activated eye-discs were stained for svplacZ and PROS and optically dissected under a confocal microscope (Fig. 3) . In all sections examined, little coexpression of svp and pros was observed in cells posterior to the morphogenetic furrow ( Fig. 3D-G ), indicating that svp-positive cells in the posterior svp/pros-overlapping region may have developmental potential different from that for pros-positive cells in the same region. As with svp and ro (see Section 2.2.3), pros was expressed in an area anterior to the morphogenetic furrow (Figs. 2F and 3B), but was less frequent than ro-lacZ or svp-lacZ expression, and in a significant fraction, pros-expressing cells appeared associated with neither ro nor svp signals (Fig. 3 , data not shown). 2.2.3. ro expression potential ro is a homeobox gene expressed in R2/R5 and R3/R4 photoreceptor pairs along with uncommitted cells just posterior to the morphogenetic furrow and is required for normal differentiation of R2/R5 (Tomlinson et al., 1988; Basler et al., 1990; Kimmel et al., 1990; Heberlein et al., 1991) . In heat-shocked HS-BarH1, no apparent ectopic ro expression was observed except for a possible two-row anterior shift (Fig. 2G) ; initial ubiquitous ro expression in uncommitted cells just posterior to the morphogenetic furrow (rows 0-2) was completely replaced with ro expression in R2/R5 and R3/R4. ro expression in uncommitted cells just posterior to the morphogenetic furrow was lost between 2 and 5 h curing (Fig. 1A-C) .
In contrast to ectopic BarH1 activation, strong ro expression was evident in many cells along the morphogenetic furrow when Ras1 was activated (Fig. 2D) ; ro misexpression was also apparent in regions anterior and posterior to the morphogenetic furrow, the highest expression levels being around row 0. ro expression in row 2 and a more posterior region appeared virtually normal, although ro misexpression was occasionally observed in putative mystery cells in or near row 2 (data not shown), not associated normally with ro expression.
In summary, our results may indicate that eye-disc cells posterior to the morphogenetic furrow possess developmental potential that differs according to the distance from the furrow and consequently uncommitted cells acquire distinct developmental fates depending on the position relative to the morphogenetic furrow subsequent to taking on the proper level of SPI signal (Fig. 2K ). As expected, marker gene misexpression was induced around the region where the expression of these genes is normally initiated in the wild type eye (Fig. 2K) , suggesting that our results reflect the developmental potential of wild type cells. However, because of a possible two-row shift, the expression domain examined in the present manner could be shifted anteriorly.
Co-expression of ELAV and ommatidial marker genes
Ras1-mediated marker gene misexpression may reflect the normal development of ommatidial cells. To test this possibility, cells misexpressing svp on Ras1 activation were examined for the expression of ELAV, a neuron specific antigen (Robinow and White, 1991) . Eye imaginal discs from wild type and Ras1-activated third instar larvae expressing svp-lacZ were stained for ELAV and LacZ (Fig. 4) . In HS-Ras1 val12 eyes, many ELAV-positive cells not incorporated into ommatidia were found present in a region extending from the morphogenetic furrow to row 10 as well as in one anterior to the morphogenetic furrow (Fig. 4D) . These ectopic signals were relatively weak, particularly in cells anterior to the furrow. Gradual and delayed accumulation of ELAV protein (see Fig. 4A ) may be partial explanation for this.
In the region posterior to the furrow, nearly all svp-positive cells were found to be associated with ELAV signals subsequent to Ras1 activation ( Fig. 4D-I ), indicating that posterior cells misexpressing svp may assume a neuronal or photoreceptor fate. ELAV signals were detected in a considerable fraction of cells situated anteriorly to the morphogenetic furrow subsequent to Ras1 activation (Fig. 4D) . It would thus follow, as in the case of posterior cells, that many cells anterior to the morphogenetic furrow already possess developmental potential for becoming ommatidial cells upon Ras1 activation. Photoreceptor development anterior to the furrow has also been noted by Dominguez et al. (1998) and Greenwood and Struhl (1999) . signals. In heat-shocked HS-Ras1 val12 eye-discs, cells situated at or near the morphogenetic furrow misexpress ro strongly (Fig. 2D) , and thus ELAV may be concluded to be co-misexpressed not only with svp but also with ro.
Regulation of developmental potential by eye prepattern genes
The mechanism for differences in developmental potential of undetermined cells was sought. That combined expression of transcription factors whose expression zones are parallel with the morphogenetic furrow determines developmental potential would appear to be one possible explanation. Note that in wild type, the expression zones of these factors move anteriorly at a speed equal to the rate of anterior movement of the morphogenetic furrow. Genes encoding such transcription factors are hereafter referred to as eye prepattern genes. To test this hypothesis, the functions of four putative eye prepattern genes were examined: lz, dac, eya, and ci. As shown in Fig. 5A , based on protein product distribution, undetermined cells in the developmental field may be classified into several zonal groups.
2.4.1. lz as an eye prepattern gene lz encodes a member of Runt family transcriptional factors involved in photoreceptor and cone cell development . LZ expression is very low or absent near the morphogenetic furrow but high in more posterior regions (Fig. 5A 000 ; Flores et al., 1998) . Strong lz expression was initiated in rows 3-4, where broad ro expression in uncommitted cells disappeared and svp expression in R3/R4 was initiated (Fig. 5A ,E,G). pros expression was initiated from about five rows posterior to the anterior edge of strong lz expression (Fig. 5H) . In lz mutant eyes, virtually all pros expression in R7 and cone cells was abolished even in the presence of activated Ras1 expression (Fig. 6A,B) . Recently, Xu et al. (2000) showed that pros expression is regulated by direct binding of LZ and Pointed (PNT, a downstream component of the Ras1 pathway; Brunner et al., 1994; O'Neill et al., 1994) , to cis-regulatory elements of pros. In lz mutant eyes, misexpression of svp, a more anterior cell marker, was evident in many presumptive R7 and cone cell precursors ( Fig. 6C-E ; Daga et al., 1996) . Conversely, svp expression was replaced with pros misexpression in presumptive R3/R4 precursors when lz was misexpressed in all ommatidial cells using the GMR-lz transgene (Fig. 6H-K) . ro expression in R3/R4 was partially weakened (data not shown) and svp expression in R1/R6 had hardly diminished under the same conditions (Fig. 6K ). Note that in wild type, the R1/R6 pair normally co-express svp and lz (Mlodzik et al., 1990; Flores et al., 1998) . The different behavior between R3/R4 and R1/R6 could be explained by the presence or absence of other factors in these pairs of cells. GMR-lz-mediated pros misexpression in R3/R4 was initiated in row 4 ( Fig. 6I) , where svp expression is normally initiated, and thus SPI signals, emanating from R8 and R2/R5, should likely be capable of inducing svp or pros expression depending on the degree of LZ activity. The absence of lz enhanced Ras1-dependent svp misexpression in the vicinity of rows 2-6 (Fig. 6F,G) . LZ may thus be concluded to be a regulator that is positive and negative, respectively, for pros and svp expression.
2.4.2. dac and eya as paired eye prepattern genes dac and eya encode nuclear factors essential for eye development Mardon et al., 1994) . They interact with each other and function cooperatively to form ectopic eyes (Chen et al., 1997) , while dac but not eya, is required for normal leg development Halder et al., 1998) . In developing eye-discs, bellshaped dac expression with a peak at the morphogenetic furrow was observed (Fig. 5A 00 ,B; Mardon et al., 1994) .
Posterior dac signals disappeared around row 15 (Fig.  5B ). ro and svp expression was initiated in regions where dac is expressed strongly (Fig. 5F,I ). eya expression was evident in a region broader than dac (Fig. 5B ,C) and persists up to pupal stages . As partly shown in Fig. 5I , anterior misexpression of ro, svp, and pros through Ras1 activation was present only within the anterior domain of DAC and EYA. No ectopic svp expression could be brought about by eya overexpression (UAS-eya driven by GMR-GAL4; data not shown), while dac overexpression (UAS-dac driven by GMR-GAL4) caused svp misexpression in photoreceptors and cone cells (Fig. 6L,M) , suggesting that at least DAC is a potential stimulator of svp expression. We, however, consider both dac and eya to be involved in regulation of svp expression. Although virtually no and only slight reduction in svp expression could be detected in mosaic clones mutant for dac 3 (a null allele) and eya E3 (a hypomorphic allele), respectively (data not shown), significant reduction in svp expression took place in their double mutant clones (Fig. 6N) . Since ro, an earlier marker, was normally expressed in dac 3 eya E3 double mutant clones (data not shown), svp repression may not be caused by the earlier defect in these clones, and svp expression may be directly regulated by DAC and EYA. The absence of the mutant phenotype of dac on svp expression may indicate the involvement of an unknown factor (X) capable of binding to EYA and functionally redundant with dac in the regulation of svp expression. Weak svp expression in dac 3 eya E3 double mutant clones might be due to the residual activity of eya E3 . Misexpression experiments also showed that DAC may serve as a potential activator of ro expression. Actually, ro misexpression was induced in presumptive R1/R6/R7 neurons and cone cells when dac was ubiquitously misexpressed (Fig. 6S,U,V) .
ci as an eye prepattern gene
The regulation of ro expression potential may be highly complex. As noted by Dominguez (1999) , in clones mutant for smoothened (smo), a transducer of Hedgehog (HH) signals (Alcedo et al., 1996; van den Heuvel and Ingham, 1996) , ro expression along the morphogenetic furrow was eliminated (Fig. 6O) , possibly suggesting that ro expression just posterior to the furrow is positively regulated by HH signaling. In smo clones situated in more posterior regions, photoreceptors in significant number exhibited ro expression, as also noted for wild type discs (Fig. 6O) . ci is a main downstream effector of the HH signaling pathway (Methot and Basler, 1999) , and thus was studied for possible involvement in ro expression reduction found in smo mutant clones, where the repressor form of CI accumulates. The repressor form of ci (UAS-ciN/Zn, Hepker et al., 1997) was driven in mosaics by Ay-GAL4 (Ito et al., 1997) . ro expression near the furrow was repressed (Fig. 6Q ) and that in a more posterior region, weakened (Fig. 6R) , this being consistent with the notion that the repressor form of ci is responsible, at least in part, for reduction in ro repression in smo mutant clones generated near the furrow.
The activator form of CI was noted to be expressed strongly near the furrow in wild type (Fig. 5A,D ; Dominguez, 1999 ) and, hence, may serve as a positive regulator of ro expression. To assess this possibility, ro expression was examined in ci mutant clones. As shown in Fig. 6P , there was little or no reduction in ro expression in ci mutant clones irrespective of location. But when the activator form of ci (UAS-ciZn/C, Hepker et al., 1997) was overexpressed, ro expression in R4 significantly increased (Fig.  6S,T) . The activator form of CI may thus possibly be a redundant positive factor of ro expression. In the above, we showed a similar role of dac in ro expression. Thus, ci and dac may tentatively be concluded to be involved redundantly in establishing ro expression potential.
The expression of three ommatidial cell marker genes is demonstrated by the above to be regulated through a concerted action of SPI/DER signaling and putative prepattern genes expressed zonally in uncommitted cells in the eye developmental field posterior to the morphogenetic furrow.
Repression of svp expression potential just posterior to the morphogenetic furrow by RO
There was no efficient induction of Ras1-dependent svp misexpression just posterior to the furrow (Fig. 6W,Y) . dac being strongly expressed in this area (see Fig. 5B ), svp expression potential around the morphogenetic furrow may be repressed by another factor such as RO expressed strongly in progenitor cells in this region (see Fig. 2A,D) ; in ro 2 eyes, svp misexpression occurred in many cells just posterior to the morphogenetic furrow ( Fig. 6X ; Heberlein et al., 1991) . Confirmation of this would require the examination of developmental potential in ro 2 eyes. When activated Ras1 was ectopically expressed in ro 2 eyes, strong svp misexpression was brought about in anterior and posterior cells with no interruption of expression along the morphogenetic furrow (Fig. 6Z) . Thus, in wild type, strong RO expression near the morphogenetic furrow may be a negative factor of svp expression potential.
Discussion
Delayed response of ommatidial marker gene misexpression to activated Ras1 signals
In contrast to ato broad expression just anterior to the furrow, which disappears within 2 h after Ras1 activation (see Fig. 1 ), the misexpression of ro, svp, and pros became evident only 5-6 h after Ras1 activation (see Fig. 1F 0 and data not shown). A similar delayed response to Ras1 signal activation was observed by Mullins and Rubin (1991) , who showed that SEV needs to be continuously required at least for 6 h to commit R7 precursors to the neuronal fate. Thus several hours' exposure to Ras1 signals might be essential for uncommitted cells to acquire ommatidial cell fate or the ability to express ommatidial marker genes. Consistent with this, Spencer et al. (1998) showed that weak, uniform dually phosphorylated ERK (dpERK) expression persists at least for 3 h in the eye developing field after Ras1 activation. This prolonged MAPK activation may be responsible for the marker gene misexpression.
Cellular response to Ras1 signals based on developmental potential
In the eye developmental field posterior to the morphogenetic furrow, three ommatidial cell marker genes, ro, svp, and pros, were found to be misexpressed zonally in many uncommitted cells along the A/P axis when Ras1 was transiently but ubiquitously activated. As shown in Fig. 2K , the Ras1-dependent misexpression region appeared to correspond to those where expression of these genes is normally initiated, indicating that Ras1-dependent zonal marker gene misexpression in presumptive uncommitted cells may reflect directly their developmental potentials.
Subsequent to Ras1 activation, posterior ro misexpression was restricted only to the vicinity of the furrow (see Fig. 2D ,K). Wild type cells just posterior to the morphogenetic furrow may thus possess developmental potential for ro expression. Misexpression of svp and pros, subsequent to Ras1 activation, was strongly present from row 2 to row 6 and from row 4 to row 9, respectively (see Fig. 2E ,F,K), causing the region strongly misexpressing svp partially to overlap that of pros. The posterior half of the svp expression region was found to overlap the anterior half of the pros expression region (see Fig. 3 ), but this does not necessarily mean that cells in the overlapped region (cells in or near rows 4-6) possess two different developmental potentials at the same time for svp and pros expression. Indeed, optical section analysis indicated that svp and pros expression occurred mutually exclusively (see Fig. 3D-G) .
In contrast to Ras1 activation in the present study, differentiating wild type cells may receive Ras1 activation signals reiteratively or for a relatively long period, this possibly being essential in order to exclude any ambiguities in developmental potential. Preliminary inspection indicated that in the overlapping region, svp-but not pros-misexpressing cells strongly tend to be localized near differentiating ommatidia, which may secrete short-ranged SPI or Ras1 activation signals. This may suggest that the threshold of Ras1 signal for svp expression is higher than that for pros expression. In addition to the Ras1 signal, we also have to consider the involvement of the Notch (N) signal (Artavanis-Tsakonas et al., 1995) . Recently, N has been shown to play important roles in ommatidial cell fate determination (Cagan and Ready, 1989; Cooper and Bray, 2000; Flores et al., 2000; Tomlinson and Struhl, 2001) . Therefore, although developmental potential appears to be essential for cell fate specification, it is not the only mechanism used and the strength or duration of Ras1 signal and the pattern of N signal activation may also be important for making a perfect ommatidium.
3.3. Regulation of developmental potential by a combinatorial expression of eye prepattern genes Fig. 7 schematically shows how an ommatidial marker gene or developmental potential is regulated by a combinatorial expression of eye prepattern genes, according to distance from the morphogenetic furrow.
Uncommitted cells just posterior to the morphogenetic furrow are presumed to acquire ro expression potential at stage 1 in Fig. 7 . The regulation of ro expression appears highly complicated. As shown in Fig. 6O , ro expression is abolished in all cells in smo mutant clones situated just posterior to the morphogenetic furrow but fundamentally normal in more posterior clones in which ro is expressed in putative R2/R5 and R3/R4 precursors. ro expression appears to be regulated by at least two enhancers, one for expression at or near the morphogenetic furrow and the other for expression in developing R2-R5 photoreceptor Fig. 7 . A model of cell-type diversification in the Drosophila eye. SPI signals, emanating from differentiated ommatidial cells, activate Ras1 in newly recruited cells to trigger their differentiation. However, which cell fate is acquired by newly recruited cells depends, rather, on their own developmental potential, determined by a combination of region-specific expression of eye prepattern genes. Here, we consider only three developmental stages, 1-3. u Indicates newly recruited, undetermined cells, while 1-8 indicate R1-R8. u* Indicates pre-R3/R4 cells expressing ro but not svp; u* cells are presumed to possess developmental potential for svp expression. Thin arrows in lower boxes show the direction of SPI signals. Upper boxes show how ro, svp, and pros expression is regulated in newly recruited cells (u cells) or already recruited but not yet completely committed cells (u* cells). DER, Drosophila EGF receptor homolog. Light pink, light yellow, and light blue in the lower boxes indicate CI (activator form)/DAC/EYA, DAC/EYA, and EYA/LZ expression, respectively, in undetermined cells, while deep pink, deep yellow, and deep blue show ro, svp/ro, and pros expression, respectively, in newly developed R2/R5-type, R3/R4-type, and R7-type ommatidial cells. At stage 1, all undetermined cells express ci, dac, and eya as prepattern genes. Stage 1 undetermined cells are capable of expressing ro upon Ras1 activation. On a wild type background, undetermined cells adjacent to R8 can receive enough SPI signals from R8 and become roexpressing R2/R5. Then, the neighbors of R2/R5 may take on pre-R3/R4 fate on the receipt of SPI signals. Undetermined cells both not recruited and recruited (pre-R3/R4 cells) express dac and eya at stage 2. Upon Ras1 activation, Stage 2 undetermined cells are capable of expressing svp. On a wild type background, cells adjacent to R2/R5 and R8 can receive SPI signals and become svp-expressing R3/R4. Undetermined cells not recruited at this stage proceed to the next stage. At stage 3, all undetermined cells strongly express lz as a prepattern gene and are capable of becoming pros-positive ommatidial cells. eya is also expressed at stage 3, but dac expression is weakened. On a wild type background, only cells adjacent to R1/R6 and R8 can receive SPI signal to become prospositive R7. Note that the expression level of each eye prepattern gene is determined as a function of distance from the morphogenetic furrow (open bars), while the position of any given undetermined cell relative to the morphogenetic furrow shifts posteriorly as developmental time passes. That is, the developmental potential of any given undetermined cell changes depending on its age. precursors situated more posteriorly . HH signals may thus be involved only in the former, possibly through the regulation of prepattern gene expression, and ro autoregulation maintains the activity of the latter . DER/Ras1 signals may be involved in both of them .
Expression levels of CI (activator form; CI act ) and DAC in smo mutant clones considerably vary depending on clone position, thus making the situation much more complicated. The expression of CI act is down-regulated in smo mutant clones at or near the morphogenetic furrow and up-regulated in more posterior clones (Dominguez, 1999) . DAC expression is up-regulated only in the latter (unpublished observation). Although normal ro expression was observed in ci or dac mutant clones (Fig. 6P and data not shown) , that enhanced expression of CI act and DAC occurs in smo mutant clones distant from the morphogenetic furrow may suggest that CI act and DAC have some role in expressing ro in these clones. Consistent with this, misexpression experiments indicated either misexpressed CI act or DAC to be capable of bringing about ro up-regulation in a fraction of ommatidial cells (see Fig. 6S -V). It is thus likely that ro expression is positively regulated by CI act and DAC. In the absence of HH signals, ci may serve as a gene to encode a repressor for ro expression, since ro expression near the furrow is repressed by the repressor form of CI protein (Fig. 6Q) .
In stage 2, R3/R4 precursors expressing ro acquire svp expression potential (see Fig. 7 ). svp expression in wild type R3/R4 precursors along with Ras1 activation-dependent svp misexpression in uncommitted cells is assumed to be not only positively regulated by the concerted action of Ras1 signaling and DAC and EYA but also negatively regulated by the protein product of the prepattern gene, lz (see Fig. 7 ). R1/R6 photoreceptors are recruited into ommatidia between stages 2 and 3 in Fig. 7 . R1/R6 fate was previously shown specified by dual Bar homeobox genes, BarH1 and BarH2 (Higashijima et al., 1992; Hayashi et al., 1998) , whose expression is positively regulated by the cell-autonomous function of lz and svp (Hiromi et al., 1993; Daga et al., 1996) . Consistent with this, in the putative R1/R6 arising area (around row 6), considerable svp expression occurs even in the presence of LZ (see Fig. 6H-K) . svp expression is regulated by DAC and EYA, so that normal Bar expression or R1/R6 fate eventually comes under the control of putative eye prepattern genes LZ, DAC, and EYA.
In stage 3, which may correspond to R7 and cone cell formation stages, pros is positively regulated through the concerted action of Ras1 signaling and prepattern gene lz (see Fig. 7 ). svp expression in this region is negatively regulated by LZ. Recently, Xu et al. (2000) demonstrated the molecular mechanism of pros regulation. LZ and PNT both directly bind to the pros promoter/enhancer region and pros expression occurs only when PNT and LZ have bound simultaneously to the pros enhancer/promoter. In wild type, LZ is expressed prior to pros expression in rows 4-7, and subsequent to Ras1 signal ubiquitous activation, pros expression takes place in this region (see Fig. 2F,K) . Thus, in all wild-type progenitors situated in rows 4-7, LZ may bind to the pros enhancer/promoter so as to impart progenitor cells with pros expression potential. In wild type, pros expression first becomes apparent in R7 precursors at row 8 (Fig. 2C) . The absence of pros expression in rows 4-7 in wild type may then be accounted for by the possible absence of Ras1 signal activity. This possibly may be an oversimplification since, for instance, this does not explain why pros is repressed in R1/R6 photoreceptors which also arise from LZ-positive progenitor cells, or why pros is not induced efficiently on Ras1 activation in row 10 and more posterior. The former might be caused by the absence of the strong N signal in R1/R6 precursors (Cooper and Bray, 2000; Tomlinson and Struhl, 2001 ), but another unknown mechanism may be required to explain the latter. Therefore, we still do not know all about pros regulation, but it is nonetheless an excellent model for understanding the manner in which cooperative action of prepattern genes and differentiation signals give rise to specific cell fates from common progenitors.
3.4. Developmental potential of cells situated anterior to the morphogenetic furrow dac and eya are expressed and may serve as eye prepattern genes in the region anterior to the morphogenetic furrow. This is supported by the finding that ommatidial marker gene misexpression subsequent to Ras1 activation occurred only within the DAC/EYA expression domain (see Fig. 5I ). pros expression was considerably restricted but ro and svp misexpression was evident throughout the entire DAC/EYA expression domain. Considerably strong misexpression of ELAV, a neuron-specific antigen, was also apparent anterior to the furrow (see Fig. 4D ). Thus, as with posterior cells, those anterior to the morphogenetic furrow are capable of developing into photoreceptors or ommatidial cells with receipt of Ras1 signals. However, no apparent regularity in ommatidial marker gene expression could be detected in the region anterior to the furrow (see Figs. 1 and 2 ), indicating that developmental potential of anterior cells is necessarily reset to some extent before the onset of normal eye development at the morphogenetic furrow or before first receiving SPI signals from nascent R8. RO expressed along the morphogenetic furrow may be involved in this process, in that, as shown in Fig. 6W -Z, svp expression near the morphogenetic furrow was significantly repressed by ro expression along the morphogenetic furrow. Furthermore, ro has also been shown to repress ato expression near the furrow (Dokucu et al., 1996) .
Developmental potential and neurogenesis
In the developing Drosophila eye, differentiation of undetermined cells is triggered by Ras1 activation but their ultimate fate is determined by individual developmental potential. Presently available data suggest that developmental potential is important in the neurogenesis of vertebrates and invertebrates (Edlund and Jessell, 1999) . In the developing ventral spinal cord of vertebrates, neural progenitors exhibit differential expression of transcription factors along the dorso-ventral axis in response to graded Sonic Hedgehog signals and this presages their future fates (Ericson et al., 1997; Briscoe et al., 1999 Briscoe et al., , 2000 . Subdivision of originally equivalent neural progenitors through the action of prepattern genes may accordingly be a general strategy by which diversified cell types are produced through neurogenesis.
